Abstract: Serine protease inhibitors (serpins) are native inhibitors of serine proteases, constituting a large protein family with members spread over eukaryotes and prokaryotes. However, only very few prokaryotic serpins, especially from extremophiles, have been characterized to date. In this study, Pnserpin, a putative serine protease inhibitor from the thermophile Pyrobaculum neutrophilum, was overexpressed in Escherichia coli for purification and characterization. It irreversibly inhibits chymotrypsin-, trypsin-, elastase-, and subtilisin-like proteases in a temperature range from 20 to 100 • C in a concentration-dependent manner. The stoichiometry of inhibition (SI) of Pnserpin for proteases decreases as the temperature increases, indicating that the inhibitory activity of Pnserpin increases with the temperature. SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) showed that Pnserpin inhibits proteases by forming a SDS-resistant covalent complex. Homology modeling and molecular dynamic simulations predicted that Pnserpin can form a stable common serpin fold. Results of the present work will help in understanding the structural and functional characteristics of thermophilic serpin and will broaden the current knowledge about serpins from extremophiles.
Introduction
Serine protease inhibitors (serpins) comprise a superfamily of proteins with inhibitory activity towards serine or cysteine proteases. To date, more than 1500 members of this superfamily have been found, and they are widely distributed in eukaryotes, bacteria, and archea [1, 2] . By inhibiting specific proteases, serpins, such as antithrombin [3] , α1-antitrypsin [4, 5] , and neuroserpin [6, 7] , are involved in many important biological processes, including inflammation, blood coagulation, and fibrinolysis. Some other members with non-inhibitory activities may behave as chaperones or transport molecules, and participate in cellular processes [8] [9] [10] .
The average molecular size of serpin proteins is 350-400 amino acids, with molecular weights of approximately 40-50 kD [11] . Members of the serpin family adopt a conserved structure. Generally, their structures contain three β sheets (A, B, C), seven to nine α helixes (hA-hZ) and a protease recognition site termed the reactive center loop (RCL). The RCL is an exposed stretch of residues,
Results

Sequence Analysis of Pnserpin
In the genome sequence data of the thermophilic archaeon Pyrobaculum neutrophilum, a gene coding for a serine protease inhibitor (Pnserpin, GenBank: ACB40836.1), which is composed of 393 amino acid residues, was found. Sequence alignment of Pnserpin with other serpins (Figure 1 ) demonstrated that it possesses most of the highly conserved residues of the serpin superfamily, suggesting that it conforms to the common serpin structure. Pnserpin shares a 51% amino acid sequence identity with aeropin from the extremophile Pyrobaculum aerophilum, and it shares a lower sequence identity with other serpins. The sequence alignment also indicates that Pnserpin is likely to be a protease inhibitor due to the presence of an alanine repeat motif (amino acids 346-351, ATAATA) in the hinge region which commonly exists in inhibitory serpins [22] . Despite low levels of overall amino acid sequence identity, the residues in the hinge region of the RCL are highly conservative, especially among these thermophilic serpins (Pnserpin, Tk-serpin, aeropin, thermopin and tengpin). According to the multiple sequence alignment, the cleavage sites of aeropin, α1-antitrypsin, and Tk-serpin correspond to Val357-Cys358 of Pnserpin. Therefore, we speculate that the P1 and P1' sites of Pnserpin may be Val357 and Cys358 in the reactive center loop. Multiple sequence alignment of serpin sequences. The amino acid sequence of Pnserpin is compared with those of α1-antitrypsin, thermopin, aeropin, tengpin, and Tk-serpin. The highly conserved amino acid residues, which are conserved in >70% of the members of the serpin superfamily, are highlighted in red letters. The residues conserved in 100% are highlighted in red background. The conserved hinge region, the possible P1 and P1' sites and the reactive center loop (RCL) region are indicated by arrows. The P1-P1' positions in RCL, which have been reported, are in black boxes. The Cys102-Cys136 of aeropin is in blue boxes, and the corresponding residues of Pnserpin are indicated by a triangle. The figure was produced using [23] . Multiple sequence alignment of serpin sequences. The amino acid sequence of Pnserpin is compared with those of α1-antitrypsin, thermopin, aeropin, tengpin, and Tk-serpin. The highly conserved amino acid residues, which are conserved in >70% of the members of the serpin superfamily, are highlighted in red letters. The residues conserved in 100% are highlighted in red background. The conserved hinge region, the possible P1 and P1' sites and the reactive center loop (RCL) region are indicated by arrows. The P1-P1' positions in RCL, which have been reported, are in black boxes. The Cys102-Cys136 of aeropin is in black boxes, and the corresponding residues of Pnserpin are indicated by a triangle. The figure was produced using ESPript3.0 [23] .
Cloning, Expression, and Purification of Pnserpin
To investigate whether Pnserpin is an inhibitory serpin, the gene of Pnserpin was spliced and cloned in the pET-28a(+) expression vector (Figure 2a) . Soluble recombinant N-terminally His6-tagged Pnserpin was produced in E. coli BL21-CodonPlus (DE3)-RIL and purified by nickel-chelating chromatography. As shown in Figure 2b , the purified Pnserpin protein showed a single band with a molecular mass of 44 kDa. 
Inhibition of Proteases by Pnserpin
To examine whether Pnserpin exhibits inhibitory activity for various proteases and to determine the stoichiometry of the inhibition (SI) values of Pnserpin for these proteases, bovine α-chymotrypsin (CHT), subtilisin Carlsberg (SUC), porcine pancreatic elastase, proteinase k (PRK), bovine plasma thrombin, and bovine pancreatic trypsin were incubated with Pnserpin at various molar ratios and their residual activities were determined at 25 °C. The incubation temperature range was from 20 to 70 °C for SUC, elastase, and PRK, and 20 to 50 °C for CHT, thrombin, and trypsin as these enzymes are not stable at temperatures above 50 °C. As shown in Figure 3 , all the proteases were inhibited in a concentration-dependent manner in the determined temperature range, indicating that Pnserpin can inhibit these proteases. The SI values of Pnserpin for these proteases are listed in Table 1 . For all the proteases we tested, the SI value of Pnserpin decreased as the temperature increased. This result is similar to that of Tk-serpin [19] , indicating that the inhibitory activity of Pnserpin increases as the temperature increases.
The genome of Pyrobaculum neutrophilum contains a gene encoding chymotrypsin-like serine protease (GenBank: ACB40794.1), which we named PnCHT. To determine whether Pnserpin exhibits inhibitory activity for PnCHT, we cloned the gene of PnCHT and expressed and purified the protein from E. coli. The purified PnCHT was incubated with Pnserpin at various molar ratios in the temperature range from 20 to 100 °C and the residual activities were determined at 40 °C. As shown in Figure 3g and Table 1 , the SI values of Pnserpin for PnCHT also exhibited a temperature-dependent manner. At 20-60 °C, the SI values of Pnserpin for PnCHT were higher, indicating lower inhibitory activities, while at 80 and 100 °C, the SI values decreased to 11.26 and 6.82, indicating higher inhibitory activities. These results demonstrated that Pnserpin can inhibit PnCHT in a wide range of temperatures (20-100 °C). 
To examine whether Pnserpin exhibits inhibitory activity for various proteases and to determine the stoichiometry of the inhibition (SI) values of Pnserpin for these proteases, bovine α-chymotrypsin (CHT), subtilisin Carlsberg (SUC), porcine pancreatic elastase, proteinase k (PRK), bovine plasma thrombin, and bovine pancreatic trypsin were incubated with Pnserpin at various molar ratios and their residual activities were determined at 25 • C. The incubation temperature range was from 20 to 70 • C for SUC, elastase, and PRK, and 20 to 50 • C for CHT, thrombin, and trypsin as these enzymes are not stable at temperatures above 50 • C. As shown in Figure 3 , all the proteases were inhibited in a concentration-dependent manner in the determined temperature range, indicating that Pnserpin can inhibit these proteases. The SI values of Pnserpin for these proteases are listed in Table 1 . For all the proteases we tested, the SI value of Pnserpin decreased as the temperature increased. This result is similar to that of Tk-serpin [19] , indicating that the inhibitory activity of Pnserpin increases as the temperature increases.
The genome of Pyrobaculum neutrophilum contains a gene encoding chymotrypsin-like serine protease (GenBank: ACB40794.1), which we named PnCHT. To determine whether Pnserpin exhibits inhibitory activity for PnCHT, we cloned the gene of PnCHT and expressed and purified the protein from E. coli. The purified PnCHT was incubated with Pnserpin at various molar ratios in the temperature range from 20 to 100 • C and the residual activities were determined at 40 • C. As shown in Figure 3g and 
Association Rate Constant of Pnserpin
The second-order k ass values of Pnserpin for the inhibition of CHT, SUC, elastase, PRK and PnCHT were determined by the progress curve method. The enzymatic activities of these proteases were analyzed in the presence of various concentrations of Pnserpin, using suc-AAPF-pNA as a substrate for CHT, SUC, PRK, and PnCHT, and MeO-SucAAPV-pNA as a substrate for elastase. The progress curves were obtained by monitoring the increased absorption at 410 nm, which results from the release of p-nitroaniline. These curves are hyperbolic curves, and the plot of the k obs value as a function of Pnserpin concentration indicates a linear relationship between them ( Figure 4 ). The resulting k ass values of Pnserpin for CHT, SUC, elastase, and PRK were 2.46 × 10 4 , 1.30 × 10 5 , 2.27 × 10 4 and 1.98 × 10 5 M −1 ·s −1 , respectively. The k ass values of Pnserpin for PnCHT at 40 and 80 • C were 3.9 × 10 4 and 1.07 × 10 5 M −1 ·s −1 , respectively. These results show that Pnserpin interacts with proteases with different association rate constants; Pnserpin showed a greater inhibitory effect on SUC and PRK than CHT, PnCHT and elastase at lower temperatures. Moreover, the inhibitory effect was stronger at higher temperatures. 
The second-order kass values of Pnserpin for the inhibition of CHT, SUC, elastase, PRK and PnCHT were determined by the progress curve method. The enzymatic activities of these proteases were analyzed in the presence of various concentrations of Pnserpin, using suc-AAPF-pNA as a substrate for CHT, SUC, PRK, and PnCHT, and MeO-SucAAPV-pNA as a substrate for elastase. The progress curves were obtained by monitoring the increased absorption at 410 nm, which results from the release of p-nitroaniline. These curves are hyperbolic curves, and the plot of the kobs value as a function of Pnserpin concentration indicates a linear relationship between them (Figure 4) . The resulting kass values of Pnserpin for CHT, SUC, elastase, and PRK were 2.46 × 10 4 , 1.30 × 10 5 , 2.27 × 10 4 and 1.98 × 10 5 M −1 ·s −1 , respectively. The kass values of Pnserpin for PnCHT at 40 and 80 °C were 3.9 × 10 4 and 1.07 × 10 5 M −1 ·s −1 , respectively. These results show that Pnserpin interacts with proteases with different association rate constants; Pnserpin showed a greater inhibitory effect on SUC and PRK than CHT, PnCHT and elastase at lower temperatures. Moreover, the inhibitory effect was stronger at higher temperatures. 
The Temperature and pH Stabilities of Pnserpin
In general, proteins from thermophiles are highly stable. To investigate the temperature stability of Pnserpin, we measured the remaining inhibitory activity of Pnserpin after being incubated in different temperature ranges from 25 to 100 °C for 15 min. As shown in Figure 5a , after incubation, Pnserpin was active across this temperature range. More than 90% inhibitory activity remained after incubation at temperatures from 35 to 75 °C. At temperatures below 30 °C or above 80 °C, the activity decreased rapidly. However, even when incubated at 100 °C for 15 min, Pnserpin still maintained a 40% inhibitory activity for SUC. 
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In general, proteins from thermophiles are highly stable. To investigate the temperature stability of Pnserpin, we measured the remaining inhibitory activity of Pnserpin after being incubated in different temperature ranges from 25 to 100 °C for 15 min. As shown in Figure 5a , after incubation, Pnserpin was active across this temperature range. More than 90% inhibitory activity remained after incubation at temperatures from 35 to 75 °C. At temperatures below 30 °C or above 80 °C, the activity decreased rapidly. However, even when incubated at 100 °C for 15 min, Pnserpin still maintained a 40% inhibitory activity for SUC. We assayed the effect of pH changes on the inhibitory activity of Pnserpin in the range of pH 3-10. The results showed that, in the entire measured range, Pnserpin maintained nearly 100% inhibitory activity for all the tested proteases (Figure 5b) . The above results indicated that Pnserpin remained stable across the temperature range of 25 to 100 • C and the pH range of 3-10.
Formation of Covalent Complex between Pnserpin and Target Proteases
To examine whether Pnserpin forms a covalent complex with target protease, as other serpins do, a constant amount of proteases was incubated with increasing amounts of Pnserpin. The reaction was stopped by boiling in reducing SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) sample buffer, and the mixtures were analyzed using SDS-PAGE ( Figure 6 ). This analysis revealed the presence of a band between 55-72 kD or a band between 72-95 kD. As mentioned above, according to the multiple sequence alignment, the P1 and P1' sites of Pnserpin might be Val357 and Cys358 in the reactive center loop. Therefore, we hypothesized that the molecular weight of the complex formed by Pnserpin with CHT, SUC, elastase, PRK, and PnCHT could be~65,~67,~64,~68, and~76 kD, respectively (the molecular weights of CHT, SUC , elastase and PRK are 25, 27, 24, 28, and 36 kD, respectively). These predicted molecular weights of the complexes are consistent with the results from the SDS-PAGE analysis of the covalent complexes. We assayed the effect of pH changes on the inhibitory activity of Pnserpin in the range of pH 3-10. The results showed that, in the entire measured range, Pnserpin maintained nearly 100% inhibitory activity for all the tested proteases (Figure 5b) . The above results indicated that Pnserpin remained stable across the temperature range of 25 to 100 °C and the pH range of 3-10.
To examine whether Pnserpin forms a covalent complex with target protease, as other serpins do, a constant amount of proteases was incubated with increasing amounts of Pnserpin. The reaction was stopped by boiling in reducing SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) sample buffer, and the mixtures were analyzed using SDS-PAGE ( Figure 6 ). This analysis revealed the presence of a band between 55-72 kD or a band between 72-95 kD. As mentioned above, according to the multiple sequence alignment, the P1 and P1' sites of Pnserpin might be Val357 and Cys358 in the reactive center loop. Therefore, we hypothesized that the molecular weight of the complex formed by Pnserpin with CHT, SUC, elastase, PRK, and PnCHT could be ~65, ~67, ~64, ~68, and ~76 kD, respectively (the molecular weights of CHT, SUC , elastase and PRK are 25, 27, 24, 28, and 36 kD, respectively). These predicted molecular weights of the complexes are consistent with the results from the SDS-PAGE analysis of the covalent complexes. 
Homology Modeling and Molecular Dynamic Simulation
The structures of tengpin (PDB ID: 2PEE) [17] from the thermophile Caldanaerobacter subterraneus and IRS-2 (PDB ID: 3NDA) [24] from Ixodes ricinus were selected as templates to build a 3D model of the structure of Pnserpin. The sequence identities are 20.1% for Pnserpin and tengpin and 26.6% for Pnserpin and IRS-2. We constructed the structural model of Pnserpin using Discovery Studio3.5 (DS3.5, Accelrys, Inc., San Diego, CA, USA). The observed 3D structure of Pnserpin shows the presence of nine α-helices, three β-sheets, and an exposed mobile reactive center loop (RCL: amino acids 345-365) (Figure 7a ). The quality of the model was evaluated using the PROCHECK [25] and Profile_3D programs [26, 27] . The results indicated that more than 92% of the residues in the model were located in the most favored region of the Ramachandran plot, and none of the residues were located in the disallowed region (Figure 7b ). The Profile_3D verify score was 169.8, close to the expected high score of 170.9 and much higher than the expected low score of 76.9 (Table 2) , indicating the good quality of the model structure. To evaluate the stabilities of the model structure under dynamic conditions, we conducted molecular dynamics (MD) simulations using DS3.5. The RMSD (root-mean-square deviation) curves of the backbone and the potential energy profiles are shown in Figure 7c ,d. The trajectories of the model reached equilibrium after 4 ns, and the RMSD and potential energy stabilized with time. These results indicated that Pnserpin can form a stable common serpin fold, and confirmed that Pnserpin is a member of the serpin superfamily.
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Discussion
In this report, we showed that Pnserpin from the thermophilic archaeon Pyrobaculum neutrophilum is functional in a wide range of temperatures and pH values. One important parameter that describes the efficiency of serpins as inhibitors is the SI value, which represents the number of serpin molecules required to inhibit one molecule of a target protease. Similar to other serpins from thermopiles, such as Tk-serpin, the SI values of Pnserpin for proteases decreased as the temperature increased. The SI values of Pnserpin for CHT, SUC, PRK, and PnCHT were close to those of Tk-serpin at higher temperatures (60-100 • C), while at lower temperatures (20-50 • C), the SI values of Pnserpin were lower than those of Tk-serpin. This may be because the flexibilities of the serpins are higher when the temperature approaches the optimum growth temperature of their source organism (80 • C for Pyrobaculum neutrophilum and 90 • C for Thermococcus kodakaraensis), and the conformations of the serpins are more favorable to the inhibitory activity. However, in a low temperature range, the difference in flexibility leads to a difference in the activity of serpins.
The inhibitory activity of serpins requires their structural flexibility and conformational rearrangement. In order to obtain higher stability, the structures of proteins from thermophiles are usually more rigid than their mesophilic counterpart [28] [29] [30] . This evolution was probably driven by adaptation to the growth environments of their source organisms. Pnserpin may also acquire high stability at the cost of flexibility, and, therefore, its inhibitory activities for proteases are lower at low temperatures. The flexibility increases with temperature, and, therefore, the inhibitory activity increases as the temperature increases. Cabrita et al. [20] have reported that the disulfide bond formed by Cys102 and Cys136 was important for the stability of aeropin in extreme environments. According to the multiple sequence alignment, Pnserpin also has corresponding cysteine residues (Cys104 and Cys137) (Figure 1 ). In our model of Pnserpin, there is also a disulfide bond formed by Cys104 and Cys137, which may contribute to the stability of Pnserpin.
Another parameter that describes the efficiency of serpins as protease inhibitors is the k ass of covalent complex formations. The k ass values of Pnserpin for chymotrypsin, subtilisin, elastase, proteinase K and PnCHT are 2.46 × 10 4 , 1.30 × 10 5 , 2.27 × 10 4 , 1.98 × 10 5 , and 1.07 × 10 5 M −1 ·s −1 , respectively. These k ass values are comparable with those reported for other thermophilic serpins, which range from 10 4 -10 5 M −1 ·s −1 [15, 17, 19, 20] . In summary, Pnserpin is a functional serine protease inhibitor with high temperature and pH stabilities. Many serpin genes have been found in thermophiles, but only very few of them have been biochemically and structurally characterized. Our results will help to broaden the current understanding of the inhibitory and physiological characteristics of serpins from thermophiles.
Materials and Methods
Cloning, Expression and Purification of Pnserpin and PnCHT Genes in E. coli
The genes of Pnserpin and PnCHT were synthesized by Generay Biotech (Shanghai Generay Biotech Co., Ltd., Shanghai, China). The full length gene of Pnserpin or PnCHT was cloned into the vector pET-28a(+), and transformed into E. coli BL21 (DE3) CodonPlus. The transformed cells were cultured in LB medium and 1 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) was used to induce protein expression. Cells were harvested by centrifugation at 5000 rpm for 20 min. Cell pellets were resuspended in 50 mM Tris-HCl (pH 8.0) and homogenized by ultrasonic treatment for 5 min in 3 s on/5 s off cycles, on ice. The mixture was centrifuged for 20 min at 8000 rpm at 4 • C to separate the supernatant and precipitate. The supernatant soluble protein was purified by nickel-chelating chromatography.
Stoichiometry of Inhibition
The stoichiometry of inhibition (SI) values of Pnserpin for proteases were determined by incubating constant amounts of proteases with increasing concentrations of Pnserpin and measuring the residual enzyme activity, as described previously [31] . Briefly, proteases at concentrations of 50 nM (CHT, elastase, PRK, thrombin, PnCHT) or 30 nM (SUC) or 10 nM (trypsin) were mixed with increasing concentrations of Pn-serpin in a sealed tube to yield molar ratios of inhibitor:enzyme (I/E) ranging from 0 to 35. The buffer contains 100 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 10 mM CaCl 2 
Kinetics of Inhibition
The kinetic parameters of Pnserpin for inhibition of proteases, such as the pseudo-first-order association rate constant (k obs ) and second-order association rate constant (k ass ), were determined using the progress curve method [32, 33] at 40 or 80 • C for proteases. The concentration of Suc-AAPF-pNA or MeO-SucAAPV-pNA was 1 mM for proteases. The progress curve was obtained by monitoring the increase in absorption at 410 nm, which resulted from a release of p-nitroaniline, at 40 and 80 • C for PnCHT and 40 • C for other proteases. The pseudo-first-order association rate constant, k obs , was determined by non-linear regression fitting of the progress curve using Equation (1),
where P is the amount of product formation, v 0 is the initial velocity, and t is the reaction time. The apparent second-order association rate constant, k unc , was determined from the slope of the k obs value versus Pnserpin concentration (k unc = ∆k obs /∆[I]). Because the inhibitor and substrate are competitive, the resultant k unc value was corrected for substrate concentration ([S]) and Michaelis constant (K m ) of the protease to calculate the second-order association rate constant, k ass , using the equation: k ass = k unc × (1 + [S]/K M ). The K m values of the proteases were determined to be 0.05 mM for CHT, 0.93 mM for SUC, 3.6 mM for elastase, 0.26 mM for PRK, and 2.85 mM for PnCHT at 40 • C, and 0.82 mM for PnCHT at 80 • C, in buffer B from Line weaver-Burk plots.
Temperature and pH Stabilities of Pnserpin
The Pnserpin protein was incubated at the indicated temperature for 15 min, or at the indicated pH for 24 h at room temperature. The concentration of Suc-AAPF-pNAor MeO-SucAAPV-pNA was 1 mM for proteases. The reaction was carried out in buffer B in 96-well plates. Inhibitory activity was measured at room temperature, using a BioTek microplate reader. The reaction rate in the absence of the Pnserpin was defined as 100%.
SDS-PAGE Analysis of the Interaction between Pnserpinand Target Proteases
Pnserpin was incubated with protease in buffer B at different molar ratios at 50 • C (80 • C for PnCHT) for 2 min. The reaction between Pnserpin and protease was stopped by the addition of reducing SDS-PAGE buffer followed by boiling for 10 min. The reaction mixture was then subjected to SDS-PAGE using a 10% polyacrylamide gel, followed by staining with 0.1% Coomassie Brilliant Blue R-250.
Homology Modeling and Validation of the Model Structure
The amino acid sequence of Pnserpin was collected from Genebank (accession no.ACB40836.1), in which 393 amino acid residues were involved. Two structures were identified as homologous from Protein Data Bank (PDB) (PDB ID: 2PEE, 3NDA). The automated sequence alignment ( Figure 1 ) and analysis of the templates and target were carried out using Discovery Studio 3.5 (DS3.5). The Build Homology Models module of DS was used to create the 3D structure of Pnserpin. Out of 10 models generated, the one with the best Profile_3D profile was subjected to energy minimization. Using CHARMm force field [34] , and CHARM-all-atom charges, a steepest descent algorithm was initially used to remove close van der Waals contacts, followed by conjugate gradient minimization until the energy was stable in sequential repetitions. During these steps, the quality of the initial model was improved. Profile_3D was used to check the residue profiles of the 3D models obtained. PROCHECK analysis was performed to assess the stereo-chemical qualities of the 3D models.
Molecular Dynamics Simulation
In order to simulate a physiological environment, physiological saline was added to Pnserpin with an explicit periodic boundary model. Then, the system was subjected to the CHARMm force-field. The protein atoms were energy-minimized by applying 1000 steps of steepest descent and 1000 steps of conjugated gradient. The temperature of the system was slowly driven from 50 to 300 K for 2 ns and equilibration simulations were run for 1 ns. The production were performed for 10 ns at a constant temperature of 300 K and a constant pressure, and the results were saved at a frequency of 0.02 ns. The MD trajectory was determined by using the DS3.5 analyze trajectory protocol.
